The stimulatory effect of insulin on protein synthesis is due to its ability to activate various translation factors. We now show that insulin can increase protein synthesis capacity also by translational activation of TOP mRNAs encoding various components of the translation machinery. This translational activation involves the tuberous sclerosis complex (TSC), as the knockout of TSC1 or TSC2 rescues TOP mRNAs from translational repression in mitotically arrested cells. Similar results were obtained upon overexpression of Rheb, an immediate TSC1-TSC2 target. The role of mTOR, a downstream effector of Rheb, in translational control of TOP mRNAs has been extensively studied, albeit with conflicting results. Even though rapamycin fully blocks mTOR complex 1 (mTORC1) kinase activity, the response of TOP mRNAs to this drug varies from complete resistance to high sensitivity. Here we show that mTOR knockdown blunts the translation efficiency of TOP mRNAs in insulin-treated cells, thus unequivocally establishing a role for mTOR in this mode of regulation. However, knockout of the raptor or rictor gene has only a slight effect on the translation efficiency of these mRNAs, implying that mTOR exerts its effect on TOP mRNAs through a novel pathway with a minor, if any, contribution of the canonical mTOR complexes mTORC1 and mTORC2. This conclusion is further supported by the observation that raptor knockout renders the translation of TOP mRNAs rapamycin hypersensitive. TOP mRNAs are characterized by an oligopyrimidine tract at the 5Ј terminus and encode ribosomal proteins, elongation factors, and several other proteins associated with the assembly or function of the translational apparatus (34) . The translation of these mRNAs is selectively repressed when proliferation of vertebrate cells is blocked at various phases of the cell cycle by a wide variety of physiological signals and pharmacological treatments or when they are amino acid starved (48) . It has previously been shown that translational activation of TOP mRNAs is strictly dependent on the integrity of the phosphatidylinositol 3-kinase (PI3K) pathway (49, 50) .
Stimulation of PI3K by a variety of growth factor receptors leads to elevated levels of phosphatidylinositol-3,4,5-triphosphate that recruits to the plasma membrane various signaling molecules (reviewed in reference 31). This second messenger lipid participates with 3-phosphoinositide-dependent kinase 1 in phosphorylation (at Thr308) and activation of Akt (also known as protein kinase B). Akt phosphorylates several cytoplasmic and nuclear substrates and thereby mediates downstream events controlled by PI3K, including cellular and organismal growth, cell survival, and metabolism (31) .
The ability of Akt to control cell growth and proliferation has recently been established by the finding that Akt phosphorylates and sequesters the tuberous sclerosis complex 2 (TSC2), an inhibitor of cell growth (see reference 9 and references therein). A heterodimer of this protein with TSC1 operates as a tumor suppressor. Deficiency of either protein is associated with the dominant genetic disorder tuberous sclerosis, characterized by hamartomas with very large cells and in many organs (reviewed in reference 22). The TSC1-TSC2 complex acts as a GTPase activator toward a Ras-like small GTPase, homologous Ras enriched in brain tissue (Rheb), by directly promoting the conversion of Rheb-GTP to Rheb-GDP (24, 53) and thus inactivating it. Hence, Akt-induced dissociation of the TSC1-TSC2 complex leads to derepression of Rheb, which then upregulates the mammalian target of rapamycin (mTOR). Rheb binds directly to the catalytic domain of mTOR (30) and activates it by antagonizing mTOR's endogenous inhibitor, FKBP38 (3).
mTOR is a Ser/Thr kinase that controls cell growth, proliferation, and metabolism in response to growth factors, nutrients, and energy stress (reviewed in reference 58). Many of the effects of mTOR are abolished by rapamycin, which exerts its inhibitory effect when complexed with its intracellular receptor, the FK506-binding protein FKBP12 (10) . mTOR is involved in two distinct multiprotein complexes. Together with raptor, LST8, and FKBP38, it forms the mTOR complex 1 (mTORC1) (3, 59) , which regulates protein synthesis and transcription, as well as autophagy, and displays rapid and ubiquitous FKBP12-rapamycin sensitivity (58) . mTORC2, composed of mTOR, rictor, LST8, and SIN1 (56, 59) , is involved in actin organization and Akt activation (58) . mTORC2 phosphorylates Ser473 in the hydrophobic motif of Akt (21, 47) . TORC2, unlike TORC1, is inhibited by FKBP12-rapamycin only after a prolonged exposure and in a cell type-specific manner (46) . The inhibition of mTORC2 by FKBP12-rapamycin is indirect, accounting for the required prolonged incubation time.
Insulin is an important regulator of intermediary metabolism, cell growth, survival, and proliferation. Briefly, binding of insulin to its receptor elicits receptor autophosphorylation, activation, and binding to one of numerous docking proteins, which mediate the various cellular responses. The prevailing dogma suggests that the PI3K-Akt pathway is responsible for most of the effects of insulin on metabolism and cooperates with the Ras-mitogen-activated protein kinase pathway in regulation of cell growth and differentiation (51) .
Insulin rapidly regulates protein synthesis by activating the translation factors residing downstream of mTOR, as well as by an Akt-mediated derepression of eukaryotic initiation factor 2 (reviewed in reference 43). However, insulin can also increase protein synthesis capacity by inducing the biosynthesis of the translational apparatus, as exemplified by increased transcription and content of rRNA (2), as well as the synthesis of ribosomal proteins and elongation factor 2 (13, 28) .
Here we show that insulin can alleviate the translational repression of TOP mRNAs in serum-starved cells and thus stimulates the accumulation of the protein synthesis machinery. The translational control of TOP mRNAs requires TSC1, TSC2, and Rheb as a deletion of either of the two TSC proteins or overexpression of Rheb renders TOP mRNAs refractory to serum deprivation. mTOR is essential for transduction of the insulin signal to translation efficiency of TOP mRNAs, as its knockdown represses the translation of TOP mRNAs. Surprisingly, this mode of regulation appears to rely on neither mTORC1 nor mTORC2, as rapamycin inhibits the translation of TOP mRNAs only sporadically, and a deficiency of raptor or rictor exerts a marginal effect or no inhibitory effect, respectively, on the translation efficiency of TOP mRNAs. These results suggest that mTOR exerts its effect on TOP mRNAs via a new pathway that is yet to be determined.
MATERIALS AND METHODS
Materials used for treating cells. Insulin (100 nM) was from Biological Industries, Kibbutz Beit Haemek, Israel, and LY294002 (50 M), rapamycin (20 nM), FK506 (20 M), aphidicolin (30 M), puromycin (3 g/ml), and 4-hydroxytamoxifen (1 mM) were from Sigma.
Cell culture. 3T3-L1 (17) preadipocytes were grown as a monolayer in Dulbecco's modified Eagle's medium (DMEM), containing 10% fetal bovine serum (FBS), in a humidified atmosphere of 7% CO 2 at 37°C. Differentiation into adipocytes was attained by daily medium replacement until 2 days after the preadipocytes had reached confluence. Two days postconfluence, cells were treated by differentiation medium containing 10% FBS, 5 g/ml insulin, 0.5 mM 3-isobutyl-methylxanthine (Sigma), and 0.25 M dexamethasone. Forty-eight hours later, the differentiation medium was replaced with standard medium containing 5 g/ml insulin for an additional 2 days, and then cells were washed and supplemented with standard medium. At this point, Ͼ95% of cells acquired the adipocyte phenotype. For study of the responses to insulin stimulation, fully differentiated 3T3-L1 adipocytes were washed and fed with serum-free medium for 48 h prior to insulin treatment. Human embryonic kidney (HEK) 293 and HEK 293T cells were grown as described previously (20) . Transfection of these cells was carried out using the polyethyleneimine procedure. Briefly, 25 l of 2 mg/ml polyethyleneimine (average molecular weight, 25,000; Sigma) was added to 750 l of serum-free medium containing 12.5 g DNA. The solution was mixed and kept for 5 min at room temperature prior to the addition of 60 to 70% confluent cell culture in a 100-mm plate containing 10 ml complete medium. The medium was changed the next morning, and cells were harvested about 48 h posttransfection. NIH-IR cells that express the human insulin receptor were grown as previously described (29) . Mouse embryonic fibroblast (MEF) lines from TSC2 ϩ/ϩ , p53 Ϫ/Ϫ , and TSC2 Ϫ/Ϫ p53 Ϫ/Ϫ embryos (60) as well as TSC1 ϩ/ϩ and TSC1 Ϫ/Ϫ MEF lines (26) were kindly provided by David Kwiatkowski.
Measurements of cell size and rate of cell division. Measurements of cell size and rate of cell division were performed as previously described (45) .
Polysomal fractionation and RNA analysis. Polysomal fractionation and RNA analysis were performed as previously described (50) .
Molecular probes. The isolated fragment probes used in the Northern blot analysis were as follows: a 0.97-kb fragment bearing the rpL32-processed gene, 4A (11); a 0.85-kb PCR-generated fragment containing mouse rpS6 coding and flanking sequences (27) ; a 0.29-kb EcoRI-HindIII fragment containing the mouse rpS16 cDNA (35); a 1.15-kb PstI fragment containing mouse ␣-actin cDNA (36) .
Western blot analysis. Immunoblotting was performed as described previously (40) using antibodies against rpS6, phospho rpS6 (Ser235/236 or Ser240/244), phospho S6K1 (Thr389), phospho Akt (Ser473), mTOR, rictor, and raptor (Cell Signaling Technology, Beverly, MA). Exposures were chosen so that the chemiluminescent signals were within the linear response of the film and were quantified by ImageMaster VDS (Amersham Pharmacia Biotech).
Cloning of lentiviral shRNA. Annealed oligonucleotides were cloned into pSuper (7) between the BglII and HindIII sites at the 3Ј end of the human H1-RNA promoter. A 0.3-kb XhoI-SmaI fragment containing the H1-RNA promoter and the short hairpin RNA (shRNA) coding sequence was subcloned in between the XhoI and EcoRI sites of pSin 18 (18) . The sequences of the oligonucleotides are as follows: mTOR shRNA 1 sense, GATCCCCGCCGCATTGTCTCTATCAATTC AAGAGATTGATAGAGACAATGCGGCTTTTTGGAAA; mTOR shRNA 1 antisense, AGCTTTTCCAAAAAGCCGCATTGTCTCTATCAATCTCTTGAA TTGATAGAGACAATGCGGCGGG; Raptor shRNA 1 sense, GATCCCCGGC TAGTCTGTTTCGAAATTTTTCAAGAGAAAATTTCGAAACAGACTAGCC TTTTTGGAAA; and Raptor shRNA 1 antisense, AGCTTTTCCAAAAAGGCT AGTCTGTTTCGAAATTTTCTCTTGAAAAATTTCGAAACAGACTAG CCGGG.
Lentiviral shRNA cloning, production, and infection. pSin 18 coding for shRNA was cotransfected with pCMV⌬R8 (61) and pMD.G plasmids (37) into HEK 293T cells using DNA-calcium phosphate coprecipitation (20) . Viruscontaining supernatant from three 90-mm plates was collected 48 h after transfection and concentrated by ultracentrifugation for 2 h at 24,000 rpm in a TST28 rotor at 4°C. Pellets were resuspended in 400 l supernatant and 30 l of 0.5 mg/ml Polybrene (Sigma), 1 ml DMEM was supplemented with 1% FBS, and this suspension was added to HEK 293 cells in a 60-mm plate. Four hours later, 3.5 ml DMEM supplemented with 10% FBS was added. Infected cells were serum starved for 48 h and then 3-h insulin stimulated on the sixth day. Aliquots of the same cell pellet were used for Western blot and polysomal analyses.
Generation of iRicKO and iRapKO. iRicKO and iRapKO are inducible rictor and raptor, respectively, knockout MEF cell lines (N. Cybulski, M. A. Rüegg, and M. N. Hall, unpublished data). Immortalized MEFs contain a floxed rictor or raptor allele and tamoxifen-inducible Cre recombinase introduced by retroviral infection. Induction of rictor or raptor knockout was accomplished by treating cells with 1 mM 4-hydroxytamoxifen (tamoxifen) for 4 days.
RESULTS

Insulin induces translational activation of TOP mRNAs by stimulating cell division or cell growth. Previous studies have
shown that insulin-stimulated synthesis of ribosomal proteins and elongation factor 2 in resting vertebrate cells is resistant to actinomycin D (13, 28). These results indicated that insulin exerts its effect posttranscriptionally, yet the precise mechanism, translational activation, or stabilization of the protein product has not been resolved. Therefore, we set out to explore the effect of the hormone on the translation of TOP mRNAs.
Initially, we showed that proliferation of serum-starved mouse fibroblasts (NIH-IR) could be induced by insulin as efficiently as could be achieved by serum replenishment (Fig. 1A) . Accordingly, TOP mRNAs encoding rpL32 and rpS6 were rapidly (within 1 h) recruited into polysomes upon insulin treatment ( Fig. 1B ). This translational activation was blocked when insulin-treated cells were exposed to the PI3K inhibitor LY294002 for 0.5 h. In contrast, rapamycin treatment for 1 h or even 3 h had little to no effect in both NIH-IR and HEK 293 cells ( Fig. 1B and D) , even though the drug fully inhibited mTORC1 within 10 min, as monitored by the phosphorylation status of the mTORC1 targets S6K1 and rpS6 ( Fig. 1C and E).
We have previously shown that the translation of TOP mRNAs can be activated in resting PC12 cells when induced to grow in size by nerve growth factor (49) . Here we show that insulin failed to induce proliferation of terminally differentiated adipocytes ( Fig. 1F ) but was able to induce their growth ( Fig. 1G ), including the translational activation of rpL32 ( Fig.  1H ). It appears, therefore, that insulin can induce translational activation of TOP mRNAs by eliciting cell growth in the presence or absence of cell division.
The translation of TOP mRNAs is resistant to mitotic arrest in cells deficient for TSC1 or TSC2. Translational activation of TOP mRNAs by serum is fully reliant on the integrity of the PI3K-Akt pathway (49, 50) . We reasoned, therefore, that Akt might exert its stimulatory effect on TOP mRNAs via phosphorylation and inactivation of the tumor suppressor TSC1-TSC2 complex. This complex is active in serum-starved cells, and therefore it is conceivable that the translation of TOP mRNAs might be resistant to serum starvation in cells deficient for either TSC1 or TSC2. Indeed, polysomal analysis demonstrated that rpL32 mRNA remained efficiently translated (mostly in polysomes) in TSC2 Ϫ/Ϫ MEFs, but not in TSC2 ϩ/ϩ MEFs, when arrested either in G 0 by serum starvation or in S . Twenty-four hours later, the cell number was assessed by the methylene blue staining protocol (39) . The number of cells following each treatment was normalized to that of serum-starved cells, which was arbitrarily set at 1 and is presented as the mean Ϯ the standard error of the mean (SEM; n Ն 10). * , P Ͻ 0.05. (B) NIH-IR cells were serum starved for 72 h and then insulin treated in the absence or presence (ϩRapa) of rapamycin for the indicated time or LY294002 for the last 0.5 h (ϩLY [0.5 h]). Subsequently, cells were harvested and cytoplasmic extracts were prepared. These extracts were centrifuged through sucrose gradients and separated into polysomal (P) and subpolysomal (S) fractions. RNA from equivalent aliquots of these fractions was analyzed by Northern blot hybridization with cDNAs corresponding to TOP mRNAs (encoding rpL32 and rpS6) and a non-TOP mRNA (Actin). The radioactive signals were quantified, and the relative translational efficiency of each mRNA is numerically presented beneath the autoradiograms as a percentage of the mRNA engaged in polysomes. These figures are expressed as an average Ϯ SEM of the number of determinations in parentheses or the average with the individual values in parentheses if only two determinations are presented. (C) NIH-IR cells were serum starved for 72 h (0) and then either insulin treated without (Ϫ) or with (ϩ) rapamycin for the indicated amount of time. The cytoplasmic proteins were subjected to Western blot analysis using the indicated antibodies. (D) HEK 293 cells were serum starved for 48 h and insulin treated for the last 3 h without or with rapamycin (R) or with LY294002 (LY) for the last 0.5 h. Cells were harvested and subjected to polysomal analysis. (E) HEK 293 cells were serum starved for 48 h (0) and then treated with 100 nM insulin without (Ϫ) or with (ϩ) rapamycin for the indicated amount of time. The cytoplasmic proteins were subjected to Western blot analysis. (F) Confluent cultures of 3T3-L1 preadipocytes were induced to differentiate, and when more than 90% of the cells converted into adipocytes, they were serum starved for 48 h and then kept starved with or without insulin for up to 48 h. At the indicated time, cells were trypsinized and counted. Numbers of cells (average of at least three repetitions for each time point) were normalized to the number at time zero. (G) Adipocytes were serum starved for 48 h and then kept starved (Ϫinsulin) or treated with insulin for the indicated amount of time. The size of cells was determined as described in "Materials and Methods" and is presented as FSC-H. (H) Adipocytes were serum starved for 48 h and then harvested or insulin treated for 1 or 4 h. Subsequently, cells were harvested and subjected to polysomal analysis.
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on October 4, 2019 by guest http://mcb.asm.org/ phase by aphidicolin treatment (Fig. 2A) . The apparent rescue of TOP mRNA translation in TSC2 Ϫ/Ϫ cells cannot be ascribed to an acquired resistance of these cells to the mitotic arrest, as serum starvation and aphidicolin had a similar inhibitory effect on the proliferation of both TSC2 ϩ/ϩ and TSC2 Ϫ/Ϫ MEFs (Fig. 2B and C) .
Next, we hypothesized that if the PI3K-Akt pathway exerts its stimulatory effect on TOP mRNAs solely through inactivation of the TSC1-TSC2 complex, then this pathway might be dispensable for efficient translation of TOP mRNAs in TSC2 Ϫ/Ϫ MEFs. To address this possibility, we applied the PI3K inhibitor LY294002 to TSC2 Ϫ/Ϫ MEFs. Figure 2A shows that LY294002 elicited a 2.2-and 1.6-fold decrease in the percentage of rpL32 mRNA loaded on polysomes in TSC2 ϩ/ϩ and TSC2 Ϫ/Ϫ MEFs, respectively. These results imply that even though the translation of TOP mRNAs is repressed to a lesser extent in the mutant MEFs, these cells are still sensitive to the drug. This may be due to the fact that mTOR, which resides downstream of the TSC1-TSC2 complex, is also a target of LY294002 (8) . However, complete inhibition of mTORC1 by rapamycin treatment, as can be judged by the phosphorylation status of rpS6 ( Fig. 2D ), had only a minor repressive effect on the translation efficiency of rpL32 in TSC2 ϩ/ϩ and TSC2 Ϫ/Ϫ MEFs (by a factor of 1.2 and 1.3, respectively) ( Fig. 2A) . These results imply that (i) the LY294002-sensitive signal is not transduced to translational efficiency of TOP mRNAs solely through the TSC1-TSC2 complex and that (ii) mTORC1 has a minor role in translational regulation of TOP mRNAs in these cell lines.
It should be noted that TOP mRNAs displayed similar re- (39) . Absorbance measured 24 h after platting, set arbitrarily at 1, and measured at later time points (average Ϯ SEM [n ϭ 12] for each time point) was normalized to that value. (C) TSC2 ϩ/ϩ and TSC2 Ϫ/Ϫ cells were seeded in 96-well plates at a density of 4 ϫ 10 3 cells per well. Cells were either untreated (control) or aphidicolin-treated (Aphi) for the indicated amount of time. Proliferation was monitored and presented as described in panel B. (D) TSC2 ϩ/ϩ and TSC2 Ϫ/Ϫ cells were untreated (control), serum starved for 72 h (Ϫserum), serum refed for 3 h (refed), rapamycin treated for 2 h (rapa), or LY294002 treated for 0.5 h (LY), and then harvested. The cytoplasmic proteins were subjected to Western blot analysis using the indicated antibodies. (E and F) Experimental details are similar to those described in panels A and D, respectively, except for the usage of TSC1 ϩ/ϩ and TSC1 ϩ/ϩ MEFs. VOL. 29, 2009 mTOR AND TOP mRNA TRANSLATION 643 on October 4, 2019 by guest http://mcb.asm.org/ sistance to serum starvation in TSC1 Ϫ/Ϫ cells and TSC2 Ϫ/Ϫ cells ( Fig. 2E and F) . Taken together, these results suggest that translational repression of TOP mRNAs upon quiescence relies on both TSC1 and TSC2. It is likely that the silencing of the TSC1-TSC2 complex constitutes a critical step toward translational activation of TOP mRNAs by mitotic stimuli. Overexpression of Rheb can alleviate the translational repression of TOP mRNAs in quiescent cells. The TSC1-TSC2 complex acts as a GTPase activator toward Rheb by directly promoting the conversion of Rheb-GTP to Rheb-GDP (24, 53) , thus inactivating Rheb. The inhibitory action of the TSC1-TSC2 complex on Rheb is attenuated by Akt-catalyzed TSC2 phosphorylation (23) . Hence, we assumed that overexpression of Rheb might bypass the inhibitory effect of the active TSC1-TSC2 complex. To address this possibility, we measured the translation efficiency of rpS16 mRNA in HEK 293 cells transiently transfected with wild-type Rheb or Rheb defective in its effector domain (Rheb-5A) (24) . Indeed, overexpression of wild-type Rheb, but not of Rheb-5A, elicited translation of TOP mRNAs in serum-starved cells (Fig. 3A) as well as protected rpS6 from dephosphorylation (Fig. 3B) . These results suggest that TSC1-TSC2-dependent inactivation of Rheb mediates the downregulation of TOP mRNA translation. mTOR deficiency represses TOP mRNA translation. The prevailing model of signaling from the TSC1-TSC2 complex through Rheb to mTOR (58) and conflicting reports on the translational repression of TOP mRNAs by rapamycin (see Table S1 in the supplemental material) prompted us to verify the role of mTOR in signaling toward these mRNAs. To address this question, we applied RNA interference in an attempt to knock down mTOR. Infection of HEK 293 cells with a lentivirus expressing mTOR shRNA blocked mTORC1 activity, as can be judged by the phosphorylation status of S6K upon insulin stimulation (Fig. 4A ). Furthermore, mTOR knockdown impaired the translation efficiency of TOP mRNAs in insulintreated cells (Fig. 4B) . These results attest to the role of mTOR as a determinant of TOP mRNA translation.
The translation efficiency of TOP mRNAs is relatively resistant to raptor or rictor deficiency. The discrepancy between the apparent involvement of mTOR in translational control of TOP mRNAs and the relative resistance of the latter to rapamycin treatment, at least in some cell lines, prompted us to examine the role of raptor in the regulation of TOP mRNAs. To this end, we effectively knocked down raptor in HEK 293 cells, as could be judged by the decrease in its abundance and mTORC1 activity (Fig. 5A) . Interestingly, raptor deficiency failed to downregulate the translation efficiency of rpL32 mRNAs in insulin-treated cells (Fig. 5B ). This result suggests that either raptor is not essential for efficient translation of TOP mRNAs or, alternatively, the residual raptor expression (ϳ10%) in each cell is sufficient for translational activation of these mRNAs. To distinguish between these two possibilities, we used mouse MEFs whose raptor gene could be conditionally knocked out by 4-hydroxytamoxifen (tamoxifen)-inducible Cre recombinase (iRapKO). Indeed, the apparent decrease in raptor upon tamoxifen treatment reflects a loss of raptor gene in 90% of the cells rather than a comparable loss of raptor in each cell (Fig. 5C ). Nevertheless, most (68%) of the rpL32 mRNA in tamoxifen-treated iRapKO cells was still recruited into polysomes ( Fig. 5D) . Moreover, the minor decrease in the translation efficiency of L32 mRNA can be partially attributed to the apparent diminution in mTOR abundance (by 30% to 50%) that accompanied raptor knockout ( Fig. 5C and data not 
FIG. 4. Knockdown of mTOR downregulates the translation efficiency of TOP mRNAs in insulin-treated cells. (A) HEK 293 cells were infected with viruses expressing
Red shRNA (shRed) or mTOR shRNA (shmTOR). Cells were 48-h serum starved and then insulin stimulated for 3 h. The abundance of mTOR and its activity were monitored by Western blot analysis of cytoplasmic proteins with the indicated antibodies. The relative abundance of mTOR was normalized to that of actin, whereas the relative abundance of phospho rpS6 (P-rpS6) was normalized to that of rpS6. The results are numerically presented relative to those obtained for infected cells that expressed Red shRNA, which were arbitrarily set at 1. (B) Cytoplasmic extracts from cells described in panel A were subjected to polysomal analysis.
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on October 4, 2019 by guest http://mcb.asm.org/ Downloaded from shown). It appears, therefore, that the translation efficiency of TOP mRNAs is nearly refractory to raptor deficiency. In light of these results, we examined the seemingly default possibility, namely, that mTOR exerts its positive regulatory effect on TOP mRNAs via mTORC2. To this end, we took advantage of inducible rictor knockout MEFs, iRicKO. Surprisingly, the translation of TOP mRNAs was activated upon insulin treatment (Fig. 6A) , even though more than 90% of the cells lost rictor expression ( Fig. 6B ) upon tamoxifen treatment. Taken together, our results suggest that either raptor or rictor is almost completely dispensable for efficient translation of TOP mRNAs.
Inhibition of TOP mRNA translation by rapamycin is sporadic, FKBP12 dependent, and raptor sensitive and does not involve mitotic arrest. TOP mRNAs display diverse responses to rapamycin treatment. This is exemplified by the relative resistance shown earlier ( Fig. 1 and 2) on the one hand and the considerable repression of rpL32 mRNA in 3T3-L1 preadipocytes (Fig. 7A) on the other hand. This inconsistency, unlike the invariable inhibitory effect of rapamycin on S6K activity or rpS6 phosphorylation, posed a question regarding the mechanism involved in the rapamycin-dependent translational inhibition of TOP mRNAs. First, we examined whether FKBP12, which is required for inhibition of mTOR by rapamycin, is also involved in the translational repression of TOP mRNAs. Indeed, FK506, a small molecule that competes with rapamycin for binding to FKBP12, relieved both mTORC1 inhibition, as monitored by phosphorylation of S6K1 and rpS6 (Fig. 7B) , and translational repression of TOP mRNAs (Fig. 7A) . These results suggest that rapamycin exerts its inhibitory effect on TOP mRNAs in an FKBP12-dependent manner.
FIG. 5. The translation efficiency of TOP mRNAs does not rely on insulin-treated cells. (A) HEK 293 cells were infected with viruses expressing
Red shRNA (shRed) or raptor shRNA (shRaptor). Cells were treated as described in the legend to Fig. 4 . The abundance of raptor-and mTOR-dependent proteins was monitored by Western blot analysis with the indicated antibodies. The relative abundance of raptor, phospho S6K1(Thr389) and phospho Akt(Ser473) was normalized to that of actin, whereas the relative abundance of phospho rpS6(Ser235/236) was normalized to that of rpS6. The results are numerically presented relative to those obtained with Red shRNA-expressing cells that were arbitrarily set at 1. (B) Cytoplasmic extracts from cells described in panel A were subjected to polysomal analysis. (C) iRapKO cells were either untreated (Ϫ) or treated (ϩ) with tamoxifen for 4 days and were then further incubated for 3 h in the absence (Ϫ) or presence (ϩ) of rapamycin. The relative abundance of the indicated proteins was assessed as described in panel A with the exception that results are numerically presented relative to those obtained with cells untreated with either tamoxifen or rapamycin. (D) iRapKO cells were either treated or untreated with tamoxifen (for 4 days) and subsequently were harvested and subjected to polysomal analysis.
FIG. 6. TOP mRNAs are translationally activated by insulin in a rictor-independent fashion. (A) iRicKO cells were either untreated (Ϫ) or treated (ϩ) with 1 M tamoxifen for 4 days and then serum starved for the last 48 h followed by 3-h insulin treatment. The relative abundance of the indicated proteins was assessed as described in the legend to Fig. 5A. (B) iRicKO cells were either untreated (Ϫ) or treated (ϩ) with 1 M tamoxifen for 4 days and then serum starved for the last 48 h followed by 3 h without (Ϫserum) or with (Ϫserum ϩ insulin) insulin treatment. Subsequently, cells were harvested and subjected to polysomal analysis. VOL. 29, 2009 mTOR AND TOP mRNA TRANSLATION 645 on October 4, 2019 by guest http://mcb.asm.org/ TOP mRNA translation was markedly inhibited by rapamycin in raptor-deficient MEFs compared to the relative resistance observed in raptor-expressing cells (Fig. 5D ). Notably, this rapamycin hypersensitivity was not observed with iRicKO cells (I. Patursky-Polischuk and O. Meyuhas, unpublished data), implying that it is not the tamoxifen treatment that sensitized the cells. It appears, therefore, that raptor not only does not mediate the inhibition of TOP mRNAs translation by rapamycin, it provides protection against this inhibition in the examined cells. Conceivably, the depletion of mTORC1 renders a novel mTOR activity (possibly free mTOR or mTORC3) that regulates TOP mRNA translation more accessible to the FKBP12-rapamycin complex. We assumed, therefore, that high levels of mTORC1 might be able to efficiently sequester much of the FKBP12-rapamycin complex, thus protecting mTOR-dependent TOP mRNA translation. If this is indeed the case, then rapamycin would more efficiently repress the translation of TOP mRNAs upon reduction of the mTORC1/FKBP12 ratio, as in the case of raptor knockout, or alternatively upon overproduction of FKBP12. Indeed, FKBP12 overexpression in HEK 293 rendered the translation of TOP mRNAs rapamycin hypersensitive, which otherwise exhibited a relative rapamycin resistance (compare Fig. 7C  and 1D ).
The fact that the translation of TOP mRNAs is repressed upon mitotic arrest by any means (48) and that rapamycin can completely block progression through the cell cycle, at least in some cell types (1, 38, 45) , suggested a causal relationship between the effect of rapamycin on cell cycle progression and on TOP mRNAs. However, the lack of any correlation between the effects of rapamycin on the mitogenic activity of HEK 293 and 3T3-L1 cells (data not shown) on the one hand and on the translation efficiency of TOP mRNAs in these cell lines on the other hand ( Fig. 1D and 7A ) have disproved this notion. Taken together, our results indicate that the translational repression of TOP mRNAs by rapamycin relies on the availability of FKBP12, is greatly enhanced by depletion of raptor or overexpression of FKBP12, and is not mediated by mitotic arrest.
DISCUSSION
Insulin-induced translational activation of TOP mRNAs.
Elucidating the pathway that transduces the insulin signal into translation activation of TOP mRNAs involved the following observations. First, insulin-induced relief of the translational repression of TOP mRNAs in serum-starved cells can be recapitulated by overexpression of constitutively active PI3K or Akt1 (49) . Second, the PI3K inhibitor LY294002 rapidly and completely blocks the stimulatory effect of insulin ( Fig. 1) . Notably, this effect cannot be attributed to the documented ability of this drug to inhibit mTOR (8) , as direct inhibition of mTOR by rapamycin failed to repress the translation of TOP mRNAs in the same cell lines (Fig. 1 ). Nevertheless, we cannot exclude the possibility that LY294002 exerts its inhibitory effect on TOP mRNAs via one of its newly identified (4) or as-yet-unidentified targets. Third, it has previously been shown that insulin stimulation of Akt leads to phosphorylation and inactivation of TSC2 (12, 23) and consequently to derepression of Rheb (14) . Indeed, data presented here show that the stimulatory effect of insulin on translation efficiency of TOP mRNAs can be mimicked by knockout of TSC1 or TSC2 or by Rheb overexpression. Interestingly, a similar rescue of TOP mRNA translation has been observed by microarray analysis of RNAs from serum-starved TSC1 Ϫ/Ϫ or TSC2 Ϫ/Ϫ cells (6) . Fourth, the involvement of mTOR as a determinant of translation efficiency of TOP mRNAs is based primarily on the ability of mTOR knockdown to suppress the translational activation of these mRNAs by insulin ( Fig. 4 ) or amino acids (data not shown).
If indeed the sole role of the PI3K-Akt domain of the pathway is to inactivate the TSC1-TSC2 complex, then translation of TOP mRNAs should be refractory to inhibition of PI3K in cells deficient for TSC1 or TSC2. However, our results suggest that deficiency of either of these proteins only partially relieved the LY294002-dependent translational repression of TOP mRNAs (Fig. 2) . This latter observation might reflect signaling of PI3K, or another LY294002 target, to TOP mRNAs through an additional route.
Taken together, our results are consistent with a model FIG. 7 . Rapamycin represses the translation of TOP mRNAs in an FKBP-12-dependent and raptor-sensitive fashion. (A) 3T3-L1 preadipocytes were either untreated (Control), treated for 3 h with rapamycin, FK506, or both drugs, or treated for 0.5 h with LY294002. Subsequently, they were harvested and subjected to polysomal analysis. (B) 3T3-L1 preadipocytes were treated for 3 h with rapamycin, FK506, or both drugs. The cytoplasmic proteins were subjected to Western blot analysis. (C) HEK 293 cells were transiently transfected with pcDNA3-6myc-hFKBP12 (myc-FKBP12) or pcDNA3-6myc (myc tag). Forty-eight hours later, cells were incubated without (Ϫ) or with (ϩ) rapamycin and were subsequently harvested and subjected to polysomal analysis.
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where insulin induces PI3K and its target Akt, which in turn inactivates the TSC1-TSC2 complex; consequently, Rheb and its immediate target mTOR are derepressed, leading to translational activation of TOP mRNAs. It appears, therefore, that insulin induces protein synthesis by combining short-and longterm mechanisms. The first involves activation of translational initiation and elongation factors (reviewed in reference 43), whereas the second relies on the augmented capacity of protein synthesis by increasing the amount of the protein synthesis machinery through activation of TOP mRNAs translation, as well as transcription of ribosomal DNA (the present report and reference 2). mTOR and TOP mRNAs. mTOR has been implicated in regulation of protein synthesis through multiple effectors (15, 19, 44) . However, even though mTOR has been referred to as a master regulator of protein synthesis (52), its blockage elicited 20 to 25% inhibition of global protein synthesis in cells treated with rapamycin for up to 4 h (25, 33, 41, 55, 57) or twice as much if treated for 20 to 24 h (5, 54). These observations have led to the assumption that it is only a subset of mRNAs that are translationally repressed when mTOR is inhibited by rapamycin (see reference 16 and references therein). One class of mRNAs, whose translation has been implicated in this mode of regulation, through inactivation of S6K and consequently dephosphorylation of rpS6, is TOP mRNAs (25, 54) . However, later studies with cells from S6K1 Ϫ/Ϫ /S6K2 Ϫ/Ϫ double knockout mice and knock-in mice, carrying mutations in all phosphorylation sites of rpS6, have disproved any role of S6K activation or rpS6 phosphorylation in translational control of TOP mRNAs (42, 45) . Nevertheless, the mTOR knockdown experiment presented here (Fig. 4 ) provides the first direct evidence for the involvement of mTOR as a positive regulator of TOP mRNA translation. Moreover, in a parallel study, we have shown that the translational efficiency of TOP mRNAs is rescued in cells that were amino acid activated in the presence of rapamycin if they expressed rapamycin-resistant mTOR mutant, but not if they expressed a catalytically inactive version of this mutant (Patursky-Polischuk and Meyuhas, unpublished). These results clearly attest to the positive regulatory role of mTOR catalytic activity in translation efficiency of TOP mRNAs and exclude the possibility that the results obtained with mTOR shRNA reflect an off-target effect. mTOR, being also a transducer of insulin and amino acid signals to rRNA synthesis (see reference 32 and references therein), appears to be a critical regulator of ribosome synthesis.
Several lines of evidence contradict the possibility that mTOR operates within mTORC1 to control the translation efficiency of TOP mRNAs. (i) Rapamycin ubiquitously and completely inhibits mTORC1 activity, yet it fails to repress the translation of TOP mRNAs or has just a minor inhibitory effect in most experiments conducted thus far (see Table S1 in the supplemental material). (ii) The translation of TOP mRNAs is refractory to raptor knockdown in human cells or repressed only slightly in knockout mouse cells, even though mTORC1 activity toward S6K1 activity is markedly reduced in both cases (Fig. 5 ). This resistance to raptor deficiency is further highlighted by the marked repression observed upon knockdown of mTOR ( Fig. 4) . Hence, the minor decrease in translational efficiency in raptor knockout cells can be ascribed, at least partly, to the concomitant reduction in mTOR abundance ( Fig.   5C and data not shown). (iii) TOP mRNA translation is rendered rapamycin hypersensitive in raptor-deficient cells. (iv) The kinetics of inhibition of TOP mRNA translation upon amino acid deprivation of HEK 293 cells do not parallel the kinetics of mTORC1 inhibition, as the latter is markedly faster (within 1 h) and more effective than rapamycin-induced repression of TOP mRNA translation (50) . The delayed response to rapamycin is underscored by the rapidly detectable inhibition of TOP mRNA translation (within 0.5 h) by LY294002 (Fig. 1B, 2A and B, and 7A ). It should be pointed out, however, that the delayed response to rapamycin might reflect the accumulation/disappearance of a secondary effector, rather than the activation/inactivation of a direct effector.
Showing that mTORC1 has a minor, if any, role in the translational control of TOP mRNAs has invoked the possibility that TOP mRNAs are controlled primarily by mTORC2. Conceptually, this possibility seemed consistent with the sporadic sensitivity to rapamycin of both TOP mRNA translation (see Table S1 in the supplemental material) and TORC2 activity, as well as the delayed response of these two readouts to rapamycin relative to the rapamycin sensitivity of mTORC1 activity (46) . Nevertheless, our results ( Fig. 6 ) have refuted a requirement for mTORC2 in translational activation of TOP mRNAs by insulin.
Data presented in this report suggest that mTOR can exert its effect on TOP mRNAs in a way that is not strictly dependent on its association with either raptor or rictor. Several explanations can be proposed for reconciling these observations with the canonical two-mTOR-complex model. (i) mTOR controls TOP mRNA translation through a third, asyet-unidentified complex (possibly mTORC3), and (ii) mTOR can control TOP mRNAs in a complex-independent fashion. According to either of these explanations, neither raptor nor rictor is critical for TOP mRNA regulation. (iii) Formally, we cannot exclude the possibility that in the absence of mTORC1, the translational regulation of TOP mRNAs is mediated by mTORC2 and vice versa. Examining this last explanation would have to wait until we establish conditional rictor and raptor double knockout MEFs. Clearly, all these unresolved issues, as well as the identity of the effector(s) of mTOR that selectively determines the translation efficiency of TOP mRNAs, will be the focus of our future studies.
